Background: LRRK2 kinase activity has been implicated in Parkinson disease (PD). Results: LRRK2 kinase inhibition attenuated neurodegeneration in LRRK2 transgenic and wild-type rats. Conclusion: Chronic inhibition of LRRK2 kinase activity is well tolerated in rats and provides neuroprotection from ␣-synuclein overexpression. Significance: These results warrant further studies that test the therapeutic potential of LRRK2 kinase inhibitors in additional PD models.
Parkinson disease (PD) 2 is a common neurodegenerative disorder affecting 7 to 10 million individuals worldwide (1) . Significant degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) typically occurs in mid-stages of disease, accompanied by abnormal accumulations of ␣-synuclein in many surviving neurons (2) . Although reasonable symptomatic treatments exist for the early stages of disease, there are no therapeutics available that slow or halt disease progression.
Genetic and pathological studies have identified several proteins linked to PD. Extremely rare missense mutations and gene multiplications in ␣-synuclein result in familial PD, and genome-wide association studies show that ␣-synuclein is the most important genetic susceptibility factor (3, 4) . Genetic studies also implicate leucine-rich repeat kinase 2 (LRRK2). The most prevalent LRRK2 mutation, G2019S, may upregulate LRRK2 kinase activity and is the most common known genetic cause of PD (5, 6) .
Further elucidation of the pathobiological mechanisms that link LRRK2 and ␣-synuclein in PD may be required for the development of targeted therapeutic approaches. LRRK2 kinase activity is thought to regulate the toxic effects of overexpressed G2019S-LRRK2 protein (7) . Several strains of mice that express G2019S-LRRK2 protein have been developed, but there are conflicting results with respect to (A53T)␣-synuclein neurotoxicity (8 -10) . Although dopaminergic neurodegeneration is a key phenotype associated with PD, the ␣-synuclein transgenic mice utilized so far in LRRK2 studies do not show loss of these cells. The effects of G2019S-LRRK2 and LRRK2 kinase activity on ␣-synuclein-induced dopaminergic neurodegeneration have not been reported previously but could yield important insights into LRRK2 function in disease.
Transgenic rats expressing G2019S-LRRK2 from a humanderived bacterial artificial chromosome (BAC) have recently been developed and described. Although endogenous LRRK2 localization in rat brains appears to have little overlap with human brains, these transgenic rats display LRRK2 expression in a manner consistent with the human brain (11) . The G2019S-LRRK2 rats show very mild motor impairments, potentially because of altered striatal dopamine signaling, but have normal numbers of dopamine neurons in the SNpc and do not show evidence of progressive neurodegenerative phenotypes (12, 13) .
The recombinant adeno-associated viral (rAAV) ␣-synuclein overexpression model of PD faithfully induces dopaminergic neurodegeneration in mice, rats, and non-human primates (14, 15) . We found previously that LRRK2 knockout rats are protected from neurodegeneration (16) . In that study, we hypothesized that LRRK2 kinase inhibition might phenocopy neuroprotection associated with LRRK2 deficiency. However, a recent study in mice, rats, and non-human primates using one series of LRRK2 kinase inhibitors shows serious adverse effects associated with long-term (e.g. 4-week) LRRK2 kinase inhibition (17) . Additionally, LRRK2 knockout rats and mice show pathologies in the lung and kidney that include LAMP2-postive organelle accumulation in type II pneumocytes in lung and renal tubule cells in the kidney (18, 19) . For these reasons, the therapeutic potential of LRRK2 kinase inhibitors needs additional clarification in animal models.
To determine the effect of G2019S-LRRK2 expression in ␣-synuclein induced dopaminergic neurodegeneration, we transduced G2019S-LRRK2 expressing rats and wild-type rats with ␣-synuclein virus and treated these animals with a newly described brain-penetrant LRRK2 kinase inhibitor. Unlike previous LRRK2 inhibitor series that show limited brain permeability, selectivity, and tolerability in rats (17) , PF-06447475 shows excellent selectivity and brain penetrance and allows for continuous oral dosing. Overall, we see potent neuroprotection that may reflect a delay or a block in neurodegenerative phenotypes associated with ␣-synuclein overexpression. Importantly, no adverse effects associated with PF-06447475 administration could be detected in lungs and kidneys.
Experimental Procedures
Statement on Ethics-All experiments involving animals were performed at sites accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International, and all procedures were approved by the local Institutional Animal Care and Use Committees. Experimental compounds were provided by Pfizer Inc. to the University of Alabama at Birmingham under a research agreement approved by Pfizer Inc. and the University of Alabama Research Foundation and The Board of Trustees of the University of Alabama.
Animals-The G2019S-LRRK2 rat (NTac:S.D.-Tg(LRRK2* G2019S)571Cjli, Taconic Farms) was developed at Cornell Uni-versity by C. J. Li and supported for distribution and licensing by the Michael J. Fox Foundation for Parkinson's Disease Research, who sponsored the work. Transgene-negative littermate controls and hemizygous-positive rats were used for parts of this study. We previously evaluated G2019S-LRRK2 protein expression and localization in these strains of rats (11) . Comparable WT-LRRK2 human BAC rats have not been created. Therefore, we utilized an outbred wild-type Sprague-Dawley rat cohort obtained from Charles River Laboratories to study the effects of LRRK2 kinase inhibition in wild-type rats, distinct from the G2019S-LRRK2 strain.
All surgeries were performed on 10-to 12-week-old animals. All rats were maintained on an ad libitum diet during the experiments, and cage densities were followed according to the Guide for the Care and Use of Laboratory Animals. Genotyping of NTac:S.D.-Tg(LRRK2*G2019S)571Cjli was accomplished with the forward primer GAT AGG CGG CTT TCA TTT TTC C and the reverse primer ACT CAG GCC CCA AAA ACG AG using Phusion TaqDNA polymerase (New England Biolabs).
Virus Production and Surgeries-Recombinant adeno-associated virus 2/1 (rAAV2/1)-␣-synuclein was obtained from the Virus Core of the University of North Carolina and has been described previously (16) . Intracranial viral or vehicle control injections were conducted under isoflurane anesthesia using a digital stereotaxic frame (David Kopf) with a thermal adjustable height stage (Physiotemp). Viral stocks were diluted into PBS (pH 7.4) at the specified titer before injection. All rats received a single unilateral 4-l injection over the course of 20 min using a 32-gauge custom needle (Hamilton) with a 110°bevel fitted to a gas-tight syringe and controlled by a digital pump (Harvard Apparatus). Solutions were injected into the right SNpc at the following empirically derived coordinates: 4.65 mm posterior and 2.25 mm lateral to the bregma and 7.45 mm ventral relative to the skull, with the needle bevel facing laterally. Scalp incisions were closed by suture, and animals were monitored for successful recovery, with food and water consumption expected in the first few hours post-surgery.
Drug Treatments-Drugs coded as compound 1 and 2 were produced by Pfizer Inc. and supplied to investigators at the University of Alabama at Birmingham for this study. Drugs were administered to the desired amount in a suspension solution consisting of 10% propylene glycol (Sigma), 20% PEG-400 (Sigma), and 70% 0.5% methylcellulose (Sigma) using stainless feeding needles 16-gauge curved 3.00 mm ball points (Braintree Scientific, Inc). After study completion and final data analysis, compound 1 was revealed to be calcium carbonate and function as the control compound, and compound 2 was revealed to be PF-06447475. Both compounds have an identical appearance, bright white, loosely packed powder, and have identical profiles in the vehicle.
LC/MS/MS-Liquid chromatography and tandem mass spectrometry analyses were used to calculate all drug concentrations in biofluids and tissues. Quantization was performed for PF-06447475 using transitions of m/z 304.2 3 258 normalized to the internal standard indomethacin (m/z 356.1 3 312.1).
Pharmacodynamic Assays-Rat tissues or cell line pellets were homogenized in lysis buffer consisting of 50 mM Tris (pH 7.4), 150 mM NaCl, 1.5 mM MgCl 2 , 5% glycerol, 1 mM Na 3 VO 4 , 25 mM NaF, 1 mM DTT, 0.8% Nonidet P-40, and 0.5 mM PMSF, with one Complete protease tablet and one PhosStop tablet per 10 ml of lysis buffer (Roche). After homogenization, lysates were centrifuged at ϳ20,000 ϫ g for 15 min at 4°C. Proteins were electrophoresed on 3-8% Tris acetate midi gels and then transferred onto Immobilon-FL membranes (Millipore) and blocked with near infrared buffer (Rockland). Membranes were probed with two LRRK2 antibodies, 100 -500 (1:2000, Abcam) and MJFF3 (1:1000, Abcam), in addition to Ser(P)-935 (1:2000, Abcam). Membranes were scanned, and band intensities were quantified using the LI-COR Odyssey system. Calculation of LRRK2 kinase inhibition was made by determining the ratio of Ser(P)-935 to total LRRK2 by applying both antibodies to membranes at the same time and simultaneous scanning with 685-nm and 785-nm lasers, respectively (IRDye 650 goat antirabbit and IRDye 800 goat anti-mouse).
Immunohistochemistry-Brain sections were prepared for immunochemistry and analyzed as described previously (11) . The following primary antibodies were used on tissue sections: anti-nitrosylated/oxidized ␣-synuclein syn514 (courtesy of Virginia Lee), anti-tyrosine hydroxylase (TH, Sigma, and Santa Cruz Biotechnology), anti-rat CD68 (AdSerotec), anti-Iba1 (rabbit polyclonal, 1:500, Wako), anti-MHC-II (clone Ox6, mouse monoclonal, AbSerotec), anti-iNOS (BD Biosciences), and LRRK2 (clone N241, Antibodies Inc.). Brain sections were prepared from paraformaldehyde-fixed, sucrose-embedded brains. Confocal images were captured by a single observer blinded to the experimental conditions (drug treatment group and genotype status) using a Leica TCS-SP5 laser-scanning confocal microscope. The Leica LASAF software, Adobe Photoshop (contrast, brightness, and color adjustments), and Adobe Illustrator were used to create figures and process images. Iba1 immunoreactivity (i.e. microgliosis) was calculated from confocal images captured from sections spaced 120 m apart across the entire SNpc using a ϫ20 objective, and occupancy of Iba1 reactivity was calculated with ImageJ software. Immunofluorescence of TH in the dorsal striatum was quantified using a LI-COR Odyssey scanner with images processed and quantified by Image Studio 4 software. For 3,3Јdiaminobenzidine-stained sections, the avidin-biotin complex reagent kit, together with ImmPACT substrate (Vector Labs), was used. Sections were counterstained with Nissl using a standard protocol, and images were captured with an Olympus BX61 BF microscope.
Histological and Pathological Stains-Sucrose-embedded organs (lung, kidney, spleen, and liver) were paraffinized and sectioned on a microtome to 10-m thickness (Leica). Sections were deparaffinized, rehydrated, and processed into hematoxylin stain (no. 7211, Richard-Allen Scientific) and eosin stain (Vector Labs). Oil Red O stain (Sigma) was applied to frozen sections cut at 10-m thickness and counterstained with Gill's hematoxylin (Richard-Allen Scientific). Masson's trichome stain (Sigma) was used with paraffin sections at 5-m thickness and post-fixed in Bouin's fixative (Sigma). Slides were stained with Weigert's hematoxylin (Sigma), followed by staining in Biebrich scarlet-acid fuchsin solution (Sigma) for differentiation. Some sections were stained with aniline blue.
Sections from rat spleen, liver, lung, and kidney were deparaffinized, hydrated, and subjected to antigen retrieval using preheated 10 mM sodium citrate buffer (pH 6) with a pressure cooker for 5 min for CD68 staining and in 10 mM Tris-1 mM EDTA buffer (pH 9) for LAMP2. Sections were incubated with 3% hydrogen peroxide for 10 min, blocked in normal serum, and incubated with antibodies to LAMP2 (Santa Cruz Biotechnology) and CD68 (clone ED1, AbD Serotec). DAB chromagen (Scy Tek Laboratories) and hematoxylin (no. 7211, Richard-Allen Scientific) were used to stain the sections.
Stereology-Unbiased stereological estimation of the total number of THϩ, Nisslϩ, or CD68ϩ cells in the SNpc was performed using an optical fractionator probe (MicroBrightField) by an investigator blinded to the identity of the experiment. A low-power objective was used to delineate the borders of the SNpc, identified through Nissl contrast stain, at all midbrain levels. Sections used for counting covered the entire SNpc and were spaced equally, 120 m apart, with the counting frame placed randomly on the first counting area and moved systematically through all counting areas until the entire delineated region was sampled. The density of counting frames was adjusted so that at least 100 objects were counted for each observation, with most estimations made on the basis of Ͼ200 objects counted per estimation.
Statistics-Statistical analysis and graphs were performed and created with GraphPad Prism 6.0 software. Experimental groups were confirmed for normality using the Kolmogorov-Smirnov test and homogeneity of variances using Levene's test. Two-tailed unpaired Student's t tests and one-way analysis of variance were used to calculate p values, where less than 0.05 was considered significant.
Results

G2019S-LRRK2 Expression Exacerbates ␣-Synuclein-induced
Dopaminergic Neurodegeneration-To determine the effects of G2019S-LRRK2 expression on ␣-synuclein-induced dopaminergic neurodegeneration, G2019S-LRRK2 rats (G2019Sϩ) or littermate non-transgenic controls (G2019S-) were unilaterally injected with rAAV2/1-␣-synuclein virus. The timeline for dopaminergic neurodegeneration in this model system has been established previously (15, 16, 20) . We first evaluated rats 2 weeks post-viral transduction for human ␣-synuclein expression, before the onset of neurodegeneration. Confocal imaging revealed comparable transduction efficiencies and expression of human ␣-synuclein across the injected SNpc in both G2019Sϩ and G2019SϪ rats ( Fig. 1A) , with TH staining and distribution indistinguishable from the uninjected SNpc.
␣-Synuclein protein normally localizes to presynaptic termini (21, 22) . Acute overexpression of ␣-synuclein in SNpc neurons results in the accumulation of nitrosylated/oxidized ␣-synuclein in the soma of surviving dopaminergic neurons 4 weeks post-viral transduction (15, 16, 23) . Analysis of serial brain sections for nitrosylated/oxidized ␣-synuclein demonstrated abundant abnormal ␣-synuclein in the soma of surviving THϩ neurons in both G2019Sϩ and G2019SϪ rats (Fig. 1 , B and C). Stereological counts of TH cells in the injected side (ipsilateral) and uninjected side (contralateral) revealed an ϳ20% loss of TH positive neurons in G2019SϪ rats (Fig. 1E ).
This lesion size is consistent with observations made previously in the Long-Evans outbred background injected with the same concentration and pseudotype of virus expressing human wild-type ␣-synuclein (16) . In contrast, an ϳ40% loss of TH-positive neurons in the SNpc could be observed in G2019Sϩ rats. Direct comparison of Nisslϩ cell counts through the SNpc confirmed the loss of neurons in G2019Sϩ and G2019SϪ rats, as opposed to a loss of TH expression ( Fig. 1F ). TH fiber density in the ipsilateral dorsal striatum was also reduced significantly in G2019Sϩ compared with G2019SϪ rats (Fig. 1, G and H) .
To ensure that the surgical procedure and injection of the viral suspension vehicle did not produce the exacerbated neurodegeneration we find in G2019Sϩ rats, we analyzed a separate cohort of rats unilaterally injected with vehicle solution (Fig. 1, I and J) . Stereological estimations of TH-and Nisslpositive cells revealed that the surgical procedure itself did not result in a loss of TH cells in either G2019Sϩ or G2019SϪ rats, FIGURE 1. G2019S-LRRK2 expression enhances ␣-synuclein-induced dopaminergic neurodegeneration. Analysis of a rat cohort derived from hemizygous hBAC G2019S-LRRK2 transgenics mated with Sprague-Dawley Taconic Farms outbred animals. 10-to 12-week-old rats were unilaterally injected with 6 ϫ 10 9 rAAV2 ␣-synuclein viral particles. A, three G2019Sϩ and G2019SϪ (littermate transgene-negative controls) rats were sacrificed 2 weeks post-injection and analyzed for human ␣-synuclein and TH expression. Ͼ90% viral transduction of TH-positive cells was observed across the SNpc in all animals. Representative confocal sections are shown for ␣-synuclein (human isoform-specific, Syn211 monoclonal, magenta) and TH (green) expression in the SNpc. No differences could be observed between the two groups. B, a cohort of 19 rats (n ϭ 8, G2019SϪ; n ϭ 11, G2019Sϩ) were sacrificed 4 weeks post-injection and analyzed for abnormal nitrated/oxidized ␣-synuclein (Syn514 monoclonal) and TH expression in surviving SNpc cells using confocal analysis. Representative images are shown. C, a representative high-magnification image of nitrated/oxidized ␣-synuclein in TH-positive neurons in the SNpc. D, representative coronal DABstained sections showing TH immunoreactivity in the SNpc with Nissl counterstain with respect to ipsilateral injection of rAAV2 ␣-synuclein viral particles as indicated. E, unbiased stereology counts of TH-positive neurons in the SNpc normalized to TH-positive neuron counts on the contralateral side. F, raw counts of Nissl-positive cells in the ipsilateral (injected) side of G2019SϪ and G2019Sϩ rats. G, representative images showing TH fiber density in the striatum. H, quantification of dorsal striatum TH fiber density calculated from 27 sections using LI-COR analysis (derived from the animals analyzed in E). I, stereological counts of TH-positive cells in the SNpc in an equivalently aged and separate cohort of rats consisting of nine G2019Sϩ rats and seven G2019SϪ littermate controls, analyzed after sham surgery control (vehicle injection, ipsilateral). J, raw counts of Nissl-positive cells on the ipsilateral (injected) side of G2019SϪ and G2019Sϩ rats. All stereological counts were performed by investigators blinded to the genetic identity of the rats. Scale bars ϭ 100 m (A and B), 5 m (C), and 0.5 mm (D and F). *, p Ͻ 0.02 as calculated with a two-tailed unpaired Student's t test; n.s., not significant. Data are means Ϯ S.E. and, as expected, the SNpc Nissl cell counts were not different between G2019Sϩ and G2019SϪ rats. This is consistent with previous studies reporting that G2019S-LRRK2 rats have normal numbers of SNpc cells (12, 13) .
The Novel LRRK2 Inhibitor PF-06447475 Is Well Tolerated in Rats-Through drug screening and chemistry efforts, a novel small molecule LRRK2 inhibitor, PF-06447475, was discovered ( Fig. 2A ). This inhibitor shows low nanomolar affinity for LRRK2 in cells and tissues (Fig. 2, B-E) and shows minimal inhibition of other kinases (24) . Analysis of plasma and brain lysates after oral administration of PF-06447475 shows similar concentrations of unbound compound, demonstrating exceptional brain permeability of the drug (24) . Cellular IC 50 values for endogenous LRRK2 kinase activity in the macrophage cell line Raw264.7 are less than 10 nM (Fig. 2B) , demonstrating the potency of the compound.
To determine the potency of PF-06447475 in blocking brain LRRK2 kinase activity, wild-type Sprague-Dawley rats were treated at 3 and 30 mg⅐kg Ϫ1 PF-06447475 (p.o. b.i.d.) for 14 days, and total and phospho-LRRK2 were subsequently measured from brain tissue lysates (Fig. 2D) . In brain and kidney tissue homogenates obtained 90 min from the last drug administration, both 3 and 30 mg⅐kg Ϫ1 PF-06447475 significantly reduced the ratio of Ser(P)-935 LRRK2 to total LRRK2 protein, whereas total LRRK2 protein was not reduced significantly in either tissue compared with vehicle control tissue ( Fig. 2E ). Pharmacokinetic profiles of PF-06447475 administered at 30 mg⅐kg Ϫ1 p.o. b.i.d. resulted in unbound drug concentrations in the brain above the C eff level (15 nM, Ref. 24) at all times. With 30 mg⅐kg Ϫ1 p.o. b.i.d., plasma C max,u was 380 nM (25-fold above C eff ) and plasma-unbound concentration time curve was 4140 nM hour Ϫ1 (11-fold above C eff ). Therefore, a 30 mg⅐kg Ϫ1 p.o. b.i.d. was selected as an appropriate dosage regimen to determine the effects of LRRK2 kinase inhibition in rats because this concentration maintains an IC 50 level of drug continuously. Notably, these dosages and concentrations of LRRK2 inhibitor are much lower than those described previously to achieve the same level of LRRK2 brain inhibition (17) . The inhibitory potential was also calculated with a commercial ActivX assay in human peripheral blood monocytic cells (PBMCs). Rat liver microsome stability, passive permeability (RRCK cells), and P-gp efflux ratios (MDR1 cells) are shown. Brain availability is indicated by equivalency in rat unbound brain concentrations (C Bu ) to unbound plasma concentrations (C Pu ). B, cells from the mouse macrophage cell line raw 264.7 were treated with the indicated concentration of PF-06447475 for a period of 24 h before protein lysate generation and analysis for Ser(P)-935 and total LRRK2 expression by Western blot. C, a half-maximal inhibitor concentration was observed at ϳ5 nM with respect to the ratio of Ser(P)-935 to total LRRK2 levels. D, groups of six (three male and three female) Sprague-Dawley rats were treated with PF-06447475 or vehicle control (p.o. b.i.d.) for 14 days and sacrificed 90 min after the last dose. Whole brains and kidneys were removed rapidly and processed to protein lysates to quantify Ser(P)-935-LRRK2 and total LRRK2. Signals from 50 g of total protein, as determined by BCA assay, were analyzed per lane. E, quantification of the LRRK2 signal and the ratio of Ser(P)-935 to total LRRK2 in both brain and kidney. *, p Ͻ 0.01, calculated by one-way analysis of variance with Tukey's post-hoc test (C and E). All other group comparisons were not significant (p Ͼ 0.05) compared with control groups (Tukey's post hoc test). Data are means Ϯ S.E.
To determine the effects of PF-06447475 on adverse pathologies previously associated with LRRK2 KO or LRRK2 kinase inhibition, we generated a cohort of G2019S-LRRK2 and wildtype rats treated with PF-06447475 for 4 weeks at 30 mg⅐kg Ϫ1 b.i.d. The effects of PF-06447475 on weight changes and abnormalities in the kidney, liver, and lung in both G2019Sϩ and G2019SϪ rats were examined. Near complete ablation of Ser(P)-935 LRRK2 levels were observed in the brain, lung, and kidney, as anticipated (Fig. 3A) . PF-06447475 treatment did not affect the weight of the rats (Fig. 3B ). We did not observe any differences between control-treated groups and PF-06447475treated groups using a variety of stains and immunohistochemical assays, as assessed by pathologists blinded to group identity ( Fig. 3, C-E) . Specifically, there was normal LAMP2 distribu-FIGURE 3. LRRK2 kinase inhibition is well tolerated in rats. 10-to 12-week-old male Sprague-Dawley G2019S-LRRK2 BAC transgenic G2019Sϩ rats and non-transgenic G2019SϪ controls were treated at 30 mg⅐kg Ϫ1 b.i.d. by oral gavage with either PF-06447475 (PF-475) or control compound. A, tissues, including whole brain, kidney, and lung, were harvested from G2019SϪ rats treated with PF-06447475 or control 2 h post-oral gavage. Tissues were immediately processed into lysates for calculation of LRRK2 kinase inhibition (i.e. pS935/LRRK2 ratio) as determined by LI-COR analysis. n ϭ 3 rats/group. B, weights from G2019SϪ rats were recorded at baseline and weekly, as indicated, with mean values shown calculated from at least 3 rats/group (error bars are mean Ϯ S.E.). Weights from G2019Sϩ rat groups were not significantly different from G2019SϪ groups and, likewise, did not vary with treatment. C-E, after 4 weeks of drug treatment, at least three perfused rats from each of the four groups (G2019SϪ and G2019Sϩ, as indicated) were processed into paraffin blocks, and sections from the liver, kidney, lung, and spleen were stained with H&E, Masson's trichrome, LAMP2-DAB, CD68-DAB, and Oil Red O (for lipids, lipofuscin, and lipoproteins). Sections were evaluated by a pathologist blinded to group identity, and all images are representative of sections derived from the 3 rats/group. C, representative high-magnification (ϫ63) images of lung tissue highlighting type II pneumocytes (arrows) stained with an antibody for LAMP2 (brown coloration, DAB stain) with H&E as a contrast stain. D, representative high-magnification (ϫ40) images of kidney renal tubules stained for CD68 to highlight myeloid cells (brown coloration, DAB-stain) with H&E as a contrast stain. E, representative low-magnification (ϫ20) images of the indicated organ with the indicated stain. In all animals and stains, no differences could be detected between the groups. tion in type II pneumocytes in lung and in renal tubule cells in the kidney, and we did not observe abnormal accumulations of CD68 myeloid cells in the kidney, liver, or lung ( Fig. 3, C-E) . Evaluation of liver tissue using Masson's trichrome stain and H&E did not show any evidence of hepatotoxicity caused by PF-06447475 treatment, demonstrating that rats tolerate PF-06447475 well.
PF-06447475 Abates ␣-Synuclein-induced Dopaminergic Neurodegeneration-To determine whether G2019S-LRRK2 kinase activity is responsible for the exacerbated neurodegeneration associated with viral overexpression of ␣-synuclein, the 30 mg⅐kg Ϫ1 p.o. b.i.d. regimen was applied to G2019Sϩ rats for the entire 4-week duration of the experiment. A control compound was also administered at equivalent doses by investigators blinded to compound identities. Confocal analysis for nitrosylated/oxidized ␣-synuclein showed the relative preservation of TH-positive cells with abnormal ␣-synuclein expression in rats treated with PF-06447475 ( Fig. 4, A and B) . Stereological estimations of the number of SNpc TH neurons showed that an ϳ40% loss of cells occurred in the group of G2019Sϩ rats treated with the control compound in contrast to no significant loss of TH cells in the SNpc in G2019Sϩ rats treated with PF-06447475 ( Fig. 4C ). Stereological counts of Nisslϩ cells through the SNpc confirmed the neurodegeneration in G2019Sϩ rats treated with inert control compound compared with G2019Sϩ rats treated with PF-06447475 ( Fig. 4D ). Treatment of G2019Sϩ rats with PF-06447475 also preserved TH expression in the dorsal striatum, consistent with drug attenuating neurodegeneration in the SNpc (Fig. 4, F and G) .
Because the level of neuroprotection observed in the G2019Sϩ rats exceeded the neurodegenerative effects that we could attribute to G2019S-LRRK2 expression ( Fig. 1) , PF-06447475 was next tested in a cohort of wild-type Sprague-Dawley outbred rats independent from the G2019S-LRRK2 BAC strain (Fig. 4, H-N, G2019SϪ) . In G2019SϪ wild-type rats, an ϳ20% loss of TH neurons in the SNpc occurred in control compound-treated rats, as expected ( Fig. 4J , consistent with observations in Ref. 16 ). However, in rats treated with PF-06447475, we could not detect a significant loss of TH neurons (Fig. 4, J and K) , despite the robust expression of abnormal nitrosylated/oxidized ␣-synuclein across the SNpc of these animals (Fig. 4I) . One rat in the PF-06447475-treated group demonstrated extreme neurodegeneration (ϳ60% loss of TH cells) and was identified as a biological outlier (extreme studentized deviate, p Ͻ 0.01) and was excluded from the analysis. Evaluation of TH fiber density in the striatum also demonstrated preservation of dopaminergic axons in the wild-type rats treated with PF-06447475 ( Fig. 4, M and N) .
PF-06447475 Attenuates Neuroinflammation Associated with G2019S-LRRK2 Expression-To determine the effect of PF-06447475 on neuroinflammation in both G2019S-LRRK2 and wild-type rats, we measured Iba1 reactivity, a marker of microgliosis, through serial sections across the SNpc using confocal analysis (Fig. 5, A and B) . This approach has been used previously to measure microglial activation in models of Alzheimer disease (25) . G2019S-LRRK2 rats show significantly increased microgliosis compared with wild-type rats (Fig. 5C ), consistent with previous results that show enhanced microglio-sis in G2019S-LRRK2 rats in response to LPS exposure (26) . In G2019Sϩ rats treated with PF-06447475, a significant reduction in microgliosis to levels found in wild-type rats could be observed (Fig. 5C ). The proinflammatory marker MHC-II expressed on myeloid cells but not neurons also appeared to be less abundant in confocal sections in G2019Sϩ rats treated with PF-06447475 ( Fig. 5A) . Inducible nitric oxide synthase (iNOS) is also expressed in some proinflammatory myeloid cells, and, in some sections of SNpc from G2019Sϩ rats treated with control drug, Iba1/MHC-II/iNOS-positive cells could be observed. In contrast, iNOS cells could not be detected in the SNpc from G2019Sϩ rats treated with PF-06447475.
In G2019SϪ wild-type rats treated with control compound, microgliosis was markedly less pronounced than in G2019Sϩ rats treated with control compound (Iba1 immunoreactivity of 36.62% Ϯ 2.583% in G2019Sϩ rats versus 14.37% Ϯ 2.345% in G2019SϪ rats, p Ͻ 0.0001, two-tailed unpaired Student's t test). However, PF-06447475 administration in wild-type rats did not significantly reduce microgliosis, although there was a trend toward a reduction (Fig. 5C ). MHC-II expression across the SNpc also appeared comparable between wild-type rats treated with PF-06447475 or control, and iNOS cells were not detected in either group.
As opposed to Iba1, which can be expressed in quiescent myeloid cells (e.g. surveying microglia), CD68-positive myeloid cells were extremely rare in the non-injected SNpc but were abundant enough to be counted using standard unbiased stereology on the injected SNpc (Fig. 6 ). Stereological counts of CD68-positive myeloid cells demonstrated that G2019Sϩ rats treated with control compound only had consistently elevated numbers of cells compared with wild-type G2019SϪ rats (257,000 Ϯ 35,000 CD68 cells per ipsilateral SNpc in G2019Sϩ versus 129,000 Ϯ 41,000 CD68 cells in G0219SϪ rats, p Ͻ 0.01, two-tailed unpaired Student's t test). PF-06447475 treatment in G2019Sϩ rats significantly lowered the number of CD68 cells recruited to the SNpc (Fig. 6C ). However, PF-06447475 treatment in non-transgenic rats did not significantly affect CD68positive cell recruitment to the ␣-synuclein lesion site. Therefore, using immunohistochemical approaches, PF-06447475 successfully blocked the enhanced neuroinflammation associated with G2019S-LRRK2 expression, but we were unable to find evidence that PF-06447475 could modify ␣-synuclein-associated neuroinflammation in wild-type rats.
Discussion
This study demonstrates that G2019S-LRRK2 expression exacerbates neuroinflammation and dopaminergic neurodegeneration caused by ␣-synuclein overexpression and that these effects can be abated by the chronic administration of a potent LRRK2 kinase inhibitor. The LRRK2 kinase inhibitor PF-06447475 was also effective at attenuating ␣-synuclein-induced dopaminergic neurodegeneration in wild-type rats. Finally, the pathologies reported previously with the chronic administration of one series of LRRK2 kinase inhibitors (17) were not reproduced in the animals in this study. Together, these are important observations for designing additional preclinical studies for LRRK2 kinase inhibitors.
We and others have hypothesized previously that small molecule LRRK2 kinase inhibitors may have therapeutic potential to ameliorate neurodegenerative processes associated with G2019S-LRRK2 (27) . The toxic effects of G2019S-LRRK2 in neurons and exacerbating effects on proinflammatory responses are attributed to the enhanced kinase activity associ- . PF-06447475 administration blocks ␣-synuclein-induced dopaminergic neurodegeneration. 10-to 12-week-old male G2019S-LRRK2 BAC transgenic rats (G2019Sϩ, n ϭ 12) and nontransgenic (WT) rats (G2019SϪ, n ϭ 16) were unilaterally injected with 6 ϫ 10 9 rAAV2 ␣-synuclein viral particles. Animals were treated at 30 mg⅐kg Ϫ1 b.i.d. by oral gavage with either PF-06447475 (PF-475) or a control compound by investigators blinded to compound identity. No animals had adverse events to compound treatments that prevented inclusion in the study. A and B, representative confocal images of the ipsilateral SNpc with TH stain (green) and nitrated/oxidized ␣-synuclein (magenta) given for G2019Sϩ rats treated with PF-06447475 (A) or control compound (B). C, unbiased stereological analysis of TH-positive neurons in the SNpc with respect to ipsilateral (ipsi, injected) and contralateral (contra, un-injected) sides. ated with the G2019S mutation (26, 28, 29) . The efficacy we observed for PF-06447475 in abating ␣-synuclein neurodegeneration in wild-type rats was surprising to us given the restricted nature of LRRK2 expression in the rat brain (11) . The PF-06447475 compound utilized here demonstrates a clear superiority in potency, specificity, and bioavailability compared with other published LRRK2 kinase inhibitors, so an informative cross-comparison with other LRRK2 inhibitors was not possible. PF-06447475 demonstrates some cross-reactivity with the STE20 family of protein kinases (24) . One route to establish on-target effects for PF-06447475 neuroprotection would be to utilize the same rAAV2 ␣-synuclein model in LRRK2 KO rats. However, LRRK2 KO rats appear to be fully protected from rAAV2 ␣-synuclein-induced neurodegeneration (16) . We propose that PF-06447475 serves as a benchmark compound for testing the efficacy of LRRK2 kinase inhibition in neuroprotection, with the caveat that off-target neuroprotective effects could not be fully accounted for in our study.
A recent report, published during the course of our studies, suggested that there might be significant toxicities associated with LRRK2 kinase inhibition, particularly in rats (17) . In fact, one of the two related LRRK2 inhibitors that advanced to nonhuman primates was lethal when administered to rats (17) . This series of inhibitor also reduced total LRRK2 protein levels in C, stereological counts of CD68-positive cells across the ipsilateral midbrain in G0219Sϩ and G2019SϪ rats treated with control or PF-0644747 compounds. CD68 counts were always below 100 across the contralateral SNpc and did not vary between groups. Scale bars ϭ 0.5 mm. *, p Ͻ 0.05; **, p Ͻ 0.01; n.s., p Ͼ 0.05, as calculated with one-way analysis of variance with Tukey's post hoc comparison. Data are mean Ϯ S.E. multiple tissues. Because of this report, but also data generated from LRRK2 KO rats, we generated a cohort of rats for the purpose of assessment of all pathologies previously attributed to the loss of LRRK2 expression or activity. However, PF-06447475 treatment for a 4-week period of time did not result in any of the expected abnormalities observed in LRRK2 KO rats or non-human primates treated with LRRK2 kinase inhibitors (17, 18) . In addition, PF-06447475 had mild or no effects on reducing total LRRK2 protein in brain and kidney homogenates.
Our results cannot be explained by a lack of LRRK2 kinase inhibition because the dosage regimen selected here achieved IC 90 inhibition for ϳ18 h per day in the rat brain and levels continuously above IC 50 for LRRK2 kinase activity. However, this level of inhibition is clearly different from a complete ablation of LRRK2 expression as in the LRRK2 KO. Although we did not observe strong effects of PF-06447475 in reducing LRRK2 expression, it is possible that the treatment reduced G2019S-LRRK2 expression in particular cell subtypes to derive some or all of the observed neuroprotective benefits. However, in whole brain and tissue homogenates, LRRK2 expression was preserved and, therefore, different from LRRK2 KO animals that harbor kidney and lung abnormalities. It also remains possible that rats do not faithfully mimic undesirable pathologies that appear in non-human primates treated with LRRK2 kinase inhibitors or that we did not treat the rats long enough to visualize these undesirable effects. Nevertheless, we are encouraged that all groups of rats we analyzed tolerated PF-06447475 treatment well with no apparent adverse effects.
The viral model of ␣-synuclein utilized here has provided important clues relevant to ␣-synuclein neurotoxicity. ␣-Synuclein neurodegeneration can be blocked by modulation of neuroinflammatory processes through genetic knockout of MHC-II and Fc or through administration of the immunophilin ligand FK506 (30 -32) . Dopaminergic neurons in the SNpc appear to be particularly sensitive to proinflammatory cytokines, suggesting that the model used here is, at least in part, dependent on proinflammatory responses to kill dopaminergic neurons (33, 34) . LRRK2 KO rodents show reduced proinflammatory responses in the brain in response to lipopolysaccharide or HIV-trans-activating protein administration (16, 35) . One mechanism whereby LRRK2 kinase inhibitors could block ␣-synuclein-induced dopaminergic neurotoxicity could be reduction of inflammatory responses known to cause neurodegeneration of dopaminergic cells. Our observation of reduced microgliosis and recruitment of CD68 cells to the midbrain in G2019S-LRRK2 rats treated with PF-06447475 are consistent with this mechanism of action.
Viral coexpression of neuroprotective proteins in neurons can also block ␣-synuclein toxicity in dopaminergic SNpc neurons. These proteins include HSP70, parkin, PLK2, and Nedd4 (36 -38) . These proteins are associated with a diversity of cellular processes, including protein chaperone activity, mitochondrial maintenance, and synaptic function. LRRK2 may impair degradation of ␣-synuclein (39) or synergistically impair mitochondrial function together with ␣-synuclein (40) . Because the species of ␣-synuclein that underlies dopaminergic neurodegeneration is not clear, it was not possible for us to definitively assess a direct effect of G2019S-LRRK2 expression on toxic ␣-synuclein isoforms. Because LRRK2 is expressed in both neurons and activated myeloid cells in the rats utilized in this study, the interaction between G2019S-LRRK2 and ␣-synuclein-induced dopaminergic neurodegeneration awaits further clarification in models that conditionally restrict LRRK2 expression and/or inhibition.
In our study, it is not clear whether the neurodegeneration associated with ␣-synuclein is prevented or delayed. Either way, a delay or a block of neurodegeneration associated with PD might represent a significant therapeutic advance. It will be important to define the therapeutic efficacy window of LRRK2 kinase inhibition with respect to the timing of LRRK2 kinase inhibition in the context of ongoing neurodegeneration and the level of LRRK2 kinase inhibition required for neuroprotective effects. These studies can be accomplished by varying the dosage of the LRRK2 kinase inhibitor to achieve different pharmacodynamic profiles and by initiating treatment at time points where neurodegenerative pathways have already commenced. Such data might be critical for the appropriate design of clinical trials for LRRK2 inhibitors in PD.
Small molecule kinase inhibitors have had tremendous therapeutic impact in a variety of disease in the last 25 years (41) . Some of the challenges for LRRK2 kinase inhibitors include the definition of efficacy and further refinement of the mechanism of action in the models described here as well as other rodent models of PD, such as the recently described preformed fibril model of ␣-synuclein neurotoxicity (42) . The tolerability and safety of LRRK2 kinase inhibitors needs further evaluation, particularly in non-human primates, and the means and outcomes to assess on-target LRRK2 inhibition and desired clinical effect in humans need to be identified. 
